Abstract. For currently available antipsychotic drugs, blockade of dopamine D 2 receptors is a critical component for achieving antipsychotic efficacy, but it is also a driving factor in the development of extrapyramidal symptoms (EPS). To inform the clinical development of asenapine, generic mathematical models have been developed for predicting antipsychotic efficacy and EPS tolerability based on D 2 receptor occupancy. Clinical data on pharmacokinetics, D 2 receptor occupancy, efficacy, and EPS for several antipsychotics were collected from the public domain. Asenapine data were obtained from inhouse trials. D 2 receptor occupancy data were restricted to published positron emission tomography studies that included blood sampling for pharmacokinetics. Clinical efficacy data were restricted to group mean endpoint data from short-term placebo-controlled trials, whereas EPS evaluation also included some non-placebo-controlled trials. A generally applicable model connecting antipsychotic dose, pharmacokinetics, D 2 receptor occupancy, Positive and Negative Syndrome Scale (PANSS) response, and effect on Simpson-Angus Scale (SAS) was then developed. The empirical models describing the D 2 -PANSS and D 2 -SAS relationships were used successfully to aid dose selection for asenapine phase II and III trials. A broader use can be envisaged as a dose selection tool for new antipsychotics with D 2 antagonist properties in the treatment of schizophrenia.
INTRODUCTION
Schizophrenia is a chronic, relapsing illness that is characterized by positive symptoms (e.g., hallucinations and delusions), negative symptoms (e.g., flattened affect and anhedonia), and varying degrees of cognitive impairment. The first-and second-generation antipsychotics approved for the treatment of schizophrenia are primarily effective in managing the positive symptoms of schizophrenia (1) .
The efficacy and tolerability of antipsychotics for the positive symptoms of schizophrenia are strongly related to antagonism of dopamine D 2 receptors. The D 2 occupancy theory suggests that efficacy is optimal when D 2 receptor occupancy falls within a certain range (2, 3) . Data from positron emission tomography (PET) studies in clinical populations indicate that D 2 occupancy levels ranging from 65% to 80% elicit optimal antipsychotic effects (4-6). However, risk for D 2 -related adverse events, particularly extrapyramidal symptoms (EPS), increases substantially when D 2 receptor occupancy exceeds 80% (7) . Despite these observations, D 2 occupancy levels that maximize efficacy and minimize EPS have not been thoroughly quantified across a range of antipsychotics.
Quantitative models that link D 2 receptor occupancy of antipsychotic agents to their clinical efficacy and tolerability could be of great utility to predict clinically effective dose ranges for new antipsychotics that act by antagonizing D 2 receptors. One such agent, asenapine, is indicated in the USA in adults for the treatment of schizophrenia and the acute treatment, as monotherapy or adjunctive therapy to lithium or valproate, of manic or mixed episodes of bipolar I disorder (8) . Asenapine is approved in the European Union for the treatment of moderate to severe manic episodes in bipolar disorder (9) . Asenapine exhibits potent in vitro antagonistic activity across a range of cloned human serotonergic, dopaminergic, α-adrenergic, and histaminergic receptors; the K i of asenapine is 1.3 nM for the D 2L receptor and 1.6 nM for the D 2S receptor (10) .
In early trials, establishing an effective dose range for asenapine was challenging. In an unpublished phase II study, sublingual asenapine doses up to 0.8 mg twice daily (BID) did not reduce symptoms of schizophrenia compared with placebo. In PET studies of healthy subjects, low D 2 occupancy was observed after the administration of sublingual asenapine doses of up to 0.3 mg BID (11, 12) , but D 2 receptor occupancy achieved more appropriate levels of 68-93% in patients with schizophrenia after administration of asenapine Electronic supplementary material The online version of this article (doi:10.1208/s12248-010-9247-4) contains supplementary material, which is available to authorized users.
2.4-4.8 mg BID (12) . Based on these data, it was decided that a model using D 2 receptor occupancy levels be developed to predict efficacy across a broader range of asenapine doses. In a next stage, a model to predict EPS tolerability was also included in the framework. Data from multiple marketed antipsychotics (i.e., haloperidol, olanzapine, risperidone, and ziprasidone) were used in the development of these models because the information from asenapine clinical trials alone was not sufficient to generate sufficiently robust models. The resulting model framework was applied to support dose selection decisions for subsequent phase II and phase III trials.
MATERIALS AND METHODS

Overall Approach
An overview of the model framework is presented in Fig. 1 . In brief, for each drug and dose regimen for which suitable efficacy and EPS data were available, the time course of D 2 occupancy was predicted from pharmacokineticpharmacodynamic models. Clinical efficacy and EPS data at these dose regimens were linked to summary measures of these predicted D 2 occupancy time courses.
Data
Data were obtained from multiple sources. Asenapine data were obtained from an in-house database of clinical studies. Data sources for haloperidol, olanzapine, risperidone, and ziprasidone included public domain regulatory documents, advisory committee documents, and the published literature. Although haloperidol is considered a first-generation antipsychotic, it was included in the model because it is frequently used as a positive control and was anticipated to provide important EPS data at high D 2 occupancy levels.
Pharmacokinetics
The pharmacokinetics of each drug was described by compartmental models. A one-compartment model was used for haloperidol, olanzapine, and ziprasidone (13, 14) . A twocompartment model was used for risperidone (15) and asenapine (based on internal reports). Parameter uncertainty and inter-individual variability were derived from reported parameter standard errors (SE) and variability if available. If not directly available for the modeled parameters, they were derived from the variability in reported area under the curve and maximum concentration (C max ) values. The pharmacokinetic models were entered into Pharsight trial simulator v2.1 (Pharsight Corporation, London, UK) where they were combined with the concentration-D 2 models.
Dopamine D 2 Receptor Occupancy
Dopamine D 2 receptor occupancy data were obtained from PET studies in which plasma concentrations were available following the administration of single or multiple doses of different antipsychotics (see "Data" above) to healthy volunteers or schizophrenia patients. Although data from both PET and single-photon emission computed tomography (SPECT) studies could be used to ascertain receptor occupancy levels, in the present models, only PET data were used because there were only limited SPECT data that included plasma concentration observations. All of the PET studies used 11 C-raclopride as the radioligand, except for one in-house PET study with asenapine that used NCQ-115 (12) .
The relationship between D 2 occupancy and plasma concentrations was described by an E max model. Since D 2 occupancy corresponds to a direct 1:1 interaction between the ligand and the receptor, a Hill coefficient of 1 was assumed. It was also assumed that D 2 occupancy is 0 in the absence of drug. Based on these assumptions, the simplified Hill equation was used:
where E is the D 2 occupancy, E max is the maximal D 2 occupancy, EC 50 is the drug concentration producing a halfmaximal D 2 occupancy, and C is the drug plasma concentration. Models were developed using the NLME function in S-Plus (Insightful Corporation, Palo Alto, California).
Clinical Parameters
Data
Clinical data for the five antipsychotics were linked to predictions from the D 2 occupancy model to characterize the relationships between clinical efficacy or EPS liability and D 2 occupancy levels. The most common primary efficacy measure to assess treatment effects in schizophrenia is change in total score on the Positive and Negative Syndrome Scale (PANSS) (16 baseline at endpoint compared with placebo, using the last observation carried forward (LOCF) method to account for missing values, was the dependent variable in the efficacy model. Because of this choice of efficacy parameter, only placebo-controlled trials were included. In the case of flexibledose studies, the reported mean daily dose of study medication was used. Before the use of the PANSS, the Brief Psychiatric Rating Scale (BPRS) was the main efficacy measure used in antipsychotic trials. To assess whether BPRS data should be disregarded or used, in-house data from individual patients where both PANSS and BPRS were recorded were analyzed using simple linear regression. This analysis (not presented) suggested that the two endpoints were indeed correlated; hence, BPRS data were included in the present analysis.
Following exploratory analyses of EPS data collected using a combination of rating scales [Simpson-Angus Scale (SAS), Extrapyramidal Symptom Rating Scale (ESRS), Barnes Akathisia Rating Scale, Abnormal Involuntary Movement Scale] as well as reported frequencies of specific EPSrelated adverse events, the SAS (17) was selected as a general assessment of EPS-like symptoms. The risperidone clinical trial program used the ESRS as a comprehensive measure of EPS. As with the PANSS-BPRS relationship, a decision as to whether to exclude the ESRS data or to attempt to "map" the ESRS scale to the SAS scale was considered. The approach used mapped ESRS scores to SAS scores by anchoring the extreme ends of each scale; linearity was assumed between the extremes. The bottom end of the scale was determined from mean placebo EPS scores and the top end from mean haloperidol EPS scores. With these parameters in place, the following equation was used to calculate predicted SAS scores from observed ESRS scores:
where S=(SAS haloperidol mean − SAS placebo mean)/ (ESRS haloperidol mean − ESRS placebo mean) and L=(S × ESRS placebo mean) − SAS placebo mean. This process is depicted schematically in Fig. 2 . In most cases, placebo-controlled trials were used to determine the difference in EPS effect from placebo. However, in three clinical trials that did not include placebo arms, low-dose antipsychotic treatments were considered to represent placebo. The olanzapine (1 mg once daily, QD), risperidone (0.5 mg BID), and ziprasidone (2 mg BID) doses used were much lower than the optimally effective clinical doses (olanzapine 10 mg QD; risperidone 4-8 mg/day; ziprasidone 20-80 mg BID) (13, 18, 19) . As such, it would be unlikely that these doses would induce EPS, given that the optimal clinical doses of these agents are associated with minimal liability for EPS.
Models
Two separate generic models were developed to describe the relationships of PANSS versus D 2 occupancy (PANSS-D 2 ) and SAS versus D 2 occupancy (SAS-D 2 ) across the five antipsychotics. Initially, the efficacy model was developed to support dose selection in subsequent phase II trials. Following completion of phase II, the model for EPS was added to the overall framework.
In developing these models, several basic assumptions were made. Assumption 1: D 2 occupancy is a primary driver of efficacy and EPS. Assumption 2: Deriving PANSS and SAS scores from the BPRS and ESRS, respectively, does not introduce bias, and the additional information provided by these conversions outweighs the uncertainty surrounding these transforms. The validity of this assumption was assessed by investigating the effect of including or excluding BPRS and ESRS data on the fitted relationships. Assumption 3: Individual covariates (smoking, age, sex, etc.) are of relatively minor importance compared with study-to-study variability as a result of differences in, e.g., dropout rate and placebo response. A recent pooled analysis of the individual clinical trial data from the asenapine program in schizophrenia supports this assumption (20) . Assumption 4: The use of both daily peak D 2 occupancy and average D 2 occupancy will mitigate the impact of pharmacokinetic differences across agents. Overall, the approach was to develop mathematical models that described the data well and generated predictions with sufficient precision to establish a basis for decision making.
The range of D 2 occupancy values that elicit antipsychotic efficacy with minimal risk for inducing EPS (60%-85%) is narrow. Most of the clinical data were found to be associated with occupancy values within this range. Therefore, a log transformation of the D 2 occupancy level [i.e., log (100% − D 2 occupancy)] was performed to make the scale more suitable for parametric modeling. This transformation stretches the area of interest on the x-axis (D 2 occupancy, 60-95%) and contracts areas of less interest (D 2 occupancy, <60%). Models were developed in SAS version 8 (SAS Institute Inc., Cary, North Carolina).
Simulations
The complete model framework was applied to predict the dose response of asenapine on PANSS and SAS. Simulations were performed aiming to characterize the "true" dose response for asenapine in a typical patient. For different asenapine dose regimens, predictions were made of pharmacokinetics, D 2 occupancy time profiles, and resulting PANSS or SAS scores. Model uncertainty in the parameter estimates of each model component was included in the simulations through univariate sampling on the basis of standard errors (pharmacokinetic model) or multivariate sampling from the variance-covariance matrix (D 2 occupancy, D 2 -PANSS, and D 2 -SAS models). An external validation of the efficacy model was obtained through comparison to results from subsequent, independent phase II studies. 
RESULTS
Pharmacokinetics
Figure 3 shows pharmacokinetic profiles across agents after dose, clearance, and bioavailability normalization for illustrative purposes. Considerable differences exist in the peak/trough ratios for the different antipsychotics, with asenapine having the highest peak/trough ratio, even at BID dosing. The mean population pharmacokinetic parameters and relative standard errors for the agents that were used in the simulations are reported in Table I .
Dopamine D 2 Receptor Occupancy
Positron emission tomography data for which pharmacokinetic information was available were obtained for asenapine (28 data points), haloperidol (36 points), olanzapine (19 points), risperidone (43 points), and ziprasidone (8 points). An overview of the data sources for the PET data is presented in Table II .
The direct E max model provided an adequate description of the data (Fig. 4a) . No notable delay between plasma concentrations and D 2 occupancy observations was detected. Limitations in the data (e.g., generally only one occupancy observation per individual) may have contributed to the inability of the model to establish such time effects, especially when of relatively small (several hours) magnitude.
The model parameters were estimated to be relatively precise with standard errors ranging from 3% (risperidone, haloperidol) to 11% (ziprasidone) for E max and from 12% (asenapine) to 33% (ziprasidone) for EC 50 . Estimates of E max and of the concentration producing 50% receptor occupancy (EC 50 ) obtained from the concentration-D 2 occupancy differed across agents (Table III and Fig. 4a ). There was a close similarity between EC 50 values for D 2 occupancy (when corrected for protein binding and molecular weight) and receptor affinity rankings (Table III) . Furthermore, E max estimates appeared to be related to receptor-binding affinity (Table III) , with E max and EC 50 values being highest for asenapine (101.8% and 0.528 ng/mL, respectively).
To address the observed differences in E max between agents, three derivations of maximal D 2 occupancy (E max ) were considered for both efficacy and EPS models: Fixed E max , Different E max , and Same E max . The primary scenario (Fixed E max ) assumed the different E max values to be an artifact of the PET studies, and after fitting compound-specific E max and EC 50 values, all E max values were fixed to the theoretical 100% value. With that, each of the concentration-D 2 occupancy relationships was scaled from 0% to 100%. In the Different E max model, the agent-specific E max value was used. In the Same E max model, a single E max value was estimated across all five compounds; its estimate was 93%.
The predicted mean time course of D 2 occupancy for each agent is depicted in Fig. 4b . Most of the agents exhibited significant variation between minimum and maximum D 2 occupancy over a 24-h period. For each of the E max derivations, values of average daily D 2 occupancy and maximum D 2 occupancy over the dosing interval were obtained as potential drivers for efficacy and EPS.
Clinical Data
An overview of the clinical data sources is presented in Supplementary Table I. Positive and Negative Syndrome Scale data for five agents (asenapine, haloperidol, olanzapine, risperidone, and ziprasidone) from 12 studies (45 different treatment arms, of which 33 were active) were included. The average sample size across the active treatment arms was 68 (range, 41-106). Because of this variation in sample size across studies, weighting by sample size was used to ensure that those trials with larger sample sizes, and consequently more precise estimates of change from placebo, contributed more heavily to the analysis. For those studies reporting change from placebo on the BPRS, a median scaling factor of 1.66 was used to convert these scores to PANSS total scores. This scaling factor was obtained from a regression analysis of individual PANSS and PANSS-derived BPRS data from the in-house trial (041-002), and its value was similar to the theoretical scaling factor of 1.67 based on the number of items in both rating scales. Data on EPS were collected from 15 studies (61 different treatment arms, of which 49 were active) and across the same antipsychotic agents used for the PANSS model. The average sample size across active treatment arms was 80 (range, 17-230). For risperidone studies included in this model, the conversion of ESRS scores to SAS scores yielded the following equation: SAS predicted ð Þ¼0:555 Â ESRS À 1:1447
The fit of PANSS total score versus D 2 occupancy using the Fixed E max scenario is depicted in Fig 5a. The PANSS-D 2 relationship was described using a cubic polynomial:
where Y is the change from placebo at week 6 for PANSS total score, X is the log-transformed D 2 occupancy defined as log(100% − mean percent D 2 receptor occupancy), and ξ is the residual error. The model predicts greater improvement in PANSS score compared with placebo at week 6, with increasing D 2 occupancy up to a value of approximately 90%, where the relationship plateaus. The transformation of the D 2 occupancies allowed the model fit to be more strongly influenced by occupancies in the range of 60-95%. The appropriateness of using the PANSS scores derived from the BPRS data was evaluated by fitting the model both with and without these data. The two fitted models were very similar. Thus, it was decided that the increased gain in PET positron emission tomography a Dose regimens labeled as "mg" refer to single-dose administrations; "mg/day" refers to multiple-dose administration prior to PET scan b Only PET observations with pharmacokinetic information were included in the analysis precision of the model parameters outweighed the concerns over the imperfect mapping between the BPRS and PANSS scales. Overall, uncertainty in the model parameters was high (SE > 100%), and as such, the model could be considered overparameterized. However, this parameter uncertainty was to be included in the dose response simulations and therefore was accounted for in the overall predictions.
D 2 Occupancy-SAS Model
The fit for the SAS versus D 2 occupancy using the Fixed E max scenario is depicted in Fig. 5b . The SAS-D 2 relationship was described using a cubic polynomial:
where Y is the change from placebo in SAS score, X is the log-transformed D 2 occupancy, and ξ is the residual error. As D 2 receptor occupancy increased, mean SAS scores also increased, steeply at occupancy values above 90%. A sensitivity analysis, like that conducted for the PANSS-BPRS mapping, indicated that the inclusion of ESRS data did not have a significant impact on the fitted model, but did improve the precision of the model parameters. Thus, again, it was considered of value to include the ESRS-derived SAS scores.
Overall, uncertainty in model parameters was high (SE > 50%), but, as for the D 2 -PANSS model, was to be accounted for in overall model-based predictions.
Simulations
The predicted dose response for asenapine on the change from placebo in PANSS total score in a typical patient is presented in Fig. 6 . Simulations were based on the Fixed E max scenario (E max set to 100%) and assumed average (instead of maximum) D 2 occupancy to be the driver of efficacy. The confidence interval around the mean prediction is the net result of the uncertainty in the parameter estimates for the three model components used in the simulations. The prediction was performed prior to the availability of data from phase II studies investigating asenapine dose levels of 1.6, 2.4, and 5 mg BID. For reference, the endpoint data from these studies have been added to Fig. 6 , indicating that the model adequately predicted the dose response of asenapine.
DISCUSSION
It is hypothesized that D 2 occupancy plays a critical role in determining the efficacy and EPS liability associated with antipsychotic treatment. For example, D 2 receptor occupancy levels 48 h after the cessation of 2 weeks of haloperidol treatment predicted short-term clinical response, as well as hyperprolactinemia and EPS, in patients with schizophrenia (21) . Generally, it is thought that efficacy is optimal when D 2 occupancy levels range from 65% to 80% (4-6), with EPS risk substantially increasing as D 2 occupancy levels exceed 80% (7) . To the best of our knowledge, this is the first study to quantify the relationship between D 2 receptor occupancy, antipsychotic efficacy, and EPS across a range of doses of asenapine and several other antipsychotic drugs (haloperidol, olanzapine, risperidone, ziprasidone). The models described in this report quantified the PANSS-D 2 and EPS-D 2 relationships as cubic polynomials. There was no physiologic basis for the selection of this particular model; the aim was just to interpolate the data. A cubic polynomial was selected because more complex models did not improve the fit and less complex models offered a poorer fit. Similar type models, such as splines or generalized additive models, are likely to have yielded a similar fit. However, it is important to note that the present model permitted a possible reduction of the PANSS change at the highest D 2 occupancy, unlike, for example, an E max type model.
Generally, the assumptions made during the development of the models appeared reasonable. For the efficacy and EPS models, respectively, the conversion of BPRS scores to PANSS scores and of ESRS scores to SAS scores seemed beneficial. This allowed a larger pool of studies and patients to be considered, resulting in increased model precision, with point estimates of the model parameters being similar to the fits where these derived data were excluded. The use of both daily peak D 2 occupancy and average D 2 occupancy mitigated pharmacokinetic differences across agents. It was also demonstrated that the effects of low-dose antipsychotics on EPS could be assumed to be indistinguishable from the effects of placebo treatment without introducing any noticeable bias, similar to when data were converted from ESRS to SAS (as for risperidone). A similar inclusion of low-dose data was not employed for PANSS modeling because the mere presence of a placebo arm in a trial was expected to have more influence on efficacy outcomes than on EPS.
The validity of the overall approach to empirically link D 2 occupancy time course information to clinical data was confirmed by the efficacy results of the phase II trials being well in line with the independently predicted efficacy dose response. The availability of such external validation also motivated the use of the model framework (extended to include EPS) for dose selection decisions for the pivotal phase III trials. As illustrated in Fig. 6 , the uncertainty in the model prediction is relatively high as a result of the additive effects of the uncertainty in the three model components underlying this simulation. Nevertheless, a clear dose response trend emerges from this prediction, and the overall shape has been further confirmed by the phase III data in which the 10-mg BID dose did not show increased efficacy compared to the 5-mg BID dose (22) .
One potential limitation of this model is that only D 2 receptor occupancy, which relates mainly to efficacy in treating positive symptoms, was used. All of the included compounds interact with several other receptor (sub)types besides the D 2 receptor. Asenapine has high affinity for multiple serotonin (5-HT) receptor subtypes (5-HT 1A , 5-HT 1B , 5-HT 2A , 5-HT 2C , 5-HT 6 , and 5-HT 7 ), as well as for dopamine D 3 receptors (10). It has been suggested that serotonergic activity or the ratio of serotonergic activity to dopaminergic activity plays an important role in mediating the efficacy of atypical antipsychotics (23) . Blockade of 5-HT 2A, 5-HT 2C , and D 3 receptors may play an important role in alleviating symptoms in schizophrenia (23) (24) (25) (26) . As such, differential activity at receptors other than the D 2 receptor may account for some of the variance in the efficacy model, if not in the EPS model. Relatively high affinity at any of these alternative receptor subtypes could potentially enable a compound to produce antipsychotic efficacy at lower levels of D 2 occupancy. The present dataset, however, did not allow such differentiation between the five included agents. In this regard, it should also be noted that clozapine and quetiapine were not included in the analyses because estimates of their D 2 occupancy levels from PET studies at effective doses are generally lower than those for other agents (27) (28) (29) .
The modeling of these data revealed some issues for which no clear answer is available. First, it remains unclear what the optimal time course of receptor occupancy is for maximum clinical benefit. Therefore, there was some uncertainty as to the best receptor occupancy variable to incorporate into the model, average or maximum occupancy during the dosing interval. Our findings also demonstrated that E max estimates based on PET data varied as a function of D 2 binding affinity across agents. It is unlikely that this represents a true difference in the maximum occupancy level attainable by each agent. More likely, it is related to artifacts associated with the PET studies. In particular, the choice of radioligand could be a critical factor. Seeman and Tallerico (30) have noted that agents with low binding affinity are less able to compete with high-affinity radioligands. As a result, differences in affinity across active agents in relation to the affinity of 11 C-raclopride may have contributed to differences in the estimation of E max . In our opinion, the Fixed E max scenario is most appropriate because D 2 receptors will eventually become saturated as the drug concentration increases. It has been hypothesized that differences in dissociation rate (k off ) at which antipsychotic agents dissociate from the D 2 receptor may lead to functionally different kinds of dopamine blockade and, thereby, to differentiation in clinical effects between antipsychotics (31). The available D 2 occupancy data, however, did not allow us to develop a dynamic k on /k off model for the D 2 receptor interactions as that would have required repeated occupancy data at short time intervals (within hours). Instead, an equilibrium model (the direct E max ) was applied, which essentially renders the pharmacokinetics of the agents to become the rate-limiting step for the binding dynamics at the D 2 receptor. Given the overall purpose of this work, this was considered an acceptable and feasible approach even though it will have limited the ability to differentiate between the different antipsychotic agents included in the analysis.
There are also particular clinical aspects that could act as potential confounders in the models that were developed. It is important to recognize that adverse events could negatively impact efficacy outcomes. If adverse events result in an underestimation of clinical efficacy, the D 2 occupancy range associated with efficacy could be artificially narrowed. Conversely, use of antiparkinsonian medications can also introduce bias by decreasing EPS and artificially increasing the lower end of the range of D 2 occupancy associated with EPS. However, even though both aspects have not been explicitly accounted for in the models, the model framework can be assumed to apply in the context of clinical trials where these factors play a role.
The use of the PANSS and SAS as the primary endpoints when developing these models seemed appropriate based on their widespread use. It should be noted that our analyses demonstrated that no bias was introduced by the conversion of BPRS scores to PANSS scores, the conversion of ESRS scores to SAS scores, and the assumption that low-dose antipsychotics produce EPS levels that are comparable to those of placebo. However, as a consequence of using these specific scales, these models are specific for PANSS scores and SAS scores and may not translate to other efficacy and EPS rating scales. It should also be noted that these models only predict mean endpoint PANSS and SAS scores in shortterm clinical studies and not the individual time course of effect. As a result, models cannot be used to predict individual time courses of response for a given treatment regimen. Finally, the impact of differential dropout patterns cannot be fully accounted for in these models. In the present study, by using LOCF data, we partially accounted for the confounding influence of study discontinuations.
Overall, the presented modeling approach can be classified as an empirical model-based meta-analysis with some mechanistic foundation, through the use of D 2 occupancy as the driving parameter for efficacy and safety. This approach will have a more general applicability in situations where a biomarker exists that links to efficacy and/or safety and can be used to leverage data from a compound class to support efficient development of novel drug candidates in that same class. The specific D 2 -based model framework also could be applied more broadly, among others in situations where new dosing paradigms for existing antipsychotics are to be explored (e.g., intramuscular depot formulations). Integrating data on recently developed depot formulations should help strengthen the model framework and increase the understanding of the required time course of D 2 receptor occupancy for an optimal efficacy-safety balance.
CONCLUSION
This work demonstrates that simple empirical models can effectively quantify antipsychotic efficacy and EPS liability, as measured by PANSS scores and SAS scores, respectively, as a function of D 2 occupancy level. In regard to asenapine, the models were successfully applied to select dose regimens for full development, and the validity of the models has been confirmed by published clinical trial results showing that asenapine 5 or 10 mg BID manages acute exacerbations of schizophrenia with relatively low risk of EPS (22, 32) . Despite some uncertainty in model parameters, the overall trends were well captured in each of the models, requiring only a limited set of assumptions. Therefore, these models may be useful for the dose selection of antipsychotics with D 2 antagonist properties in the treatment of schizophrenia.
